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Observation of long range magnetic ordering in pyrohafnate Nd2Hf2O7: A neutron
diffraction study
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We have investigated the physical properties of a pyrochlore hafnate Nd2Hf2O7 using ac mag-
netic susceptibility χac(T ), dc magnetic susceptibility χ(T ), isothermal magnetization M(H) and
heat capacity Cp(T ) measurements, and determined the magnetic ground state by neutron powder
diffraction study. An upturn is observed below 6 K in Cp(T )/T , however both Cp(T ) and χ(T ) do
not show any clear anomaly down to 2 K. The χac(T ) shows a well pronounced anomaly indicating
an antiferromagnetic transition at TN = 0.55 K. The long range antiferromagnetic ordering is con-
firmed by neutron diffraction. The refinement of neutron diffraction pattern reveals an all-in/all-out
antiferromagnetic structure, where for successive tetrahedra, the four Nd3+ magnetic moments point
alternatively all-into or all-out-of the tetrahedron, with an ordering wavevector k = (0, 0, 0) and an
ordered state magnetic moment of m = 0.62(1) µB/Nd at 0.1 K. The ordered moment is strongly
reduced reflecting strong quantum fluctuations in ordered state.
PACS numbers: 75.25.-j, 75.50.Ee, 75.40.Cx, 75.40.Gb
I. INTRODUCTION
The observations of spin-ice behavior and magnetic
monopoles in frustrated 227 rare earth pyrochlores, such
as in Dy2Ti2O7 and Ho2Ti2O7, have created tremen-
dous research interests in these materials [1–13]. In these
pyrochlores the magnetic ions sit at the vertices of the
corner-sharing tetrahedra (see Fig. 1), and in this topol-
ogy of the lattice, under the action of the crystal elec-
tric field (CEF), the ferromagnetic interaction between
the moments becomes frustrated [4]. The spin-ice be-
havior of Dy2Ti2O7 and Ho2Ti2O7 is a nice illustration
of such CEF dictated frustration of the ferromagnetic
dipolar interaction. It gives rise to an almost classical
Ising spin system, forcing the magnetic moments at the
corners of the tetrahedra to point along the local cubic
〈111〉 directions i.e., along the tetrahedron axes such that
the moments can point only either towards the center or
away from the center of each tetrahedra. Under these
conditions the ferromagnetic exchange energy of an in-
dividual tetrahedron is minimized by “two-in/two-out”
spin configuration [4] referred as the “ice rule” by anal-
ogy with the disordered configurations of protons in wa-
ter ice. With this “two-in/two-out” spin configuration, a
Pauling residual entropy is found even in the T = 0 limit
[5].
A delicate competition and balance between the mag-
netic exchange, CEF and dipolar interactions lead to a
variety of very rich and unconventional low-temperature
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magnetic and thermodynamic properties in these frus-
trated 227 pyrochlore materials, for example observation
of Dirac strings in spin ice Dy2Ti2O7 [10, 11], spin-liquid
behavior in Tb2Ti2O7 [14–16], and a Higgs transition in
quantum spin-ice Yb2Ti2O7 [17, 18]. While the ferro-
magnetic dipolar interaction is frustrated by the Ising
anisotropy, exchange interactions are antiferromagnetic
and in the case they are stronger than the dipolar in-
teractions, can result in a long range antiferromagnetic
ordering as has been observed in several of 227 pyrochlore
compounds [1, 7].
The Heisenberg antiferromagnet Gd2Ti2O7 exhibits
long range magnetic ordering below TN ≈ 1.1 K ac-
companied by another magnetic transition near 0.7 K
and additional magnetic field induced transitions [19–
22]. The XY -antiferromagnet Er2Ti2O7 with the mo-
ments constrained to the local 〈111〉 planes orders be-
low TN ≈ 1.2 K [23] where the mechanism driving the
ordering is suggested to be order-by-disorder [24, 25].
The long range antiferromagnetic orderings of Ir4+ (5d5,
S = 1/2) moments in iridate pyrochlores R2Ir2O7 (R =
Nd–Yb) have recently attracted attention for the associ-
ated metal-insulator transition [1, 26]. Eu2Ir2O7 with Eu
in Eu3+ (J = 0) exhibits an antiferromagnetic ordering
accompanied with a metal-insulator transition at 120 K
[27]. Magnetic structure determination using resonant
x-ray diffraction revealed an all-in/all-out antiferromag-
netic structure of Ir4+ in this compound with a propaga-
tion vector k = (0, 0, 0) [28]. In Nd2Ir2O7 which exhibits
a metal-insulator transition at 33 K, ordering of both
Nd3+ and Ir4+ moments has been suggested by neutron
diffraction (ND) and muon spin relaxation measurements
with an all-in/all-out magnetic structure [29, 30].
In our effort to search for novel 227 rare earth py-
rochlores, we have investigated the physical properties of
a pyrochlore hafnate Nd2Hf2O7 having Nd
3+ (4f3, 4I9/2)
2as magnetic ion with S = 3/2, L = 6 and J = 9/2. This
compound has recently been studied for its promising
dielectric properties (high dielectric constant) [31, 32],
however its magnetic properties have not been investi-
gated. Ubic et al. [33] suggested presence of small dis-
order in oxygen sublattice of Nd2Hf2O7, however, lat-
ter investigations by Karthik et al. [34] revealed a well-
ordered pyrochlore structure. Our x-ray and neutron
powder diffraction data confirm the ordered cubic Fd3¯m
pyrochlore structure.
Here we report the results of ac magnetic susceptibility
χac, dc magnetic susceptibility χ, isothermal magnetiza-
tionM and heat capacity Cp measurements on Nd2Hf2O7
as a function of temperature T and magnetic fieldH . The
χac(T ) data which is measured down to 0.2 K show evi-
dence for an antiferromagnetic transition at TN = 0.55 K.
The antiferromagnetic long range ordering is further con-
firmed by neutron powder diffraction which reveals an all-
in/all-out magnetic structure with an ordered moment of
0.62(1)µB/Nd at 0.1 K and propagation wavevector k =
(0, 0, 0). Very recently Nd2Zr2O7 has also been identi-
fied to order antiferromagnetically below 0.3 K with an
all-in/all-out magnetic structure [35, 36]. Investigations
on the single crystal Nd2Zr2O7 have revealed local 〈111〉
Ising anisotropy [37] for the ground state of Nd3+. Our
M(H) and χ(T ) data consistently comply with the Ising
nature of ground state of Nd3+ in Nd2Hf2O7 with an ef-
fective spin S = 1/2 and effective g-factor gzz = 5.01(3).
An interesting aspect of the rare earth pyrochlores
with Kramers doublet (like Nd3+) having well separated
ground state and first excited state is that the ground
state properties can be described by an effective pseudo-
spin S = 1/2. Of particular interests are the Kramers
doublet systems with total angular momenta J = 9/2
(Nd3+) and 15/2 (Dy3+ and Er3+) for which Huang et
al. [38] showed that under specific conditions they may
behave like ‘dipolar-octupolar’ doublets. For a dipolar-
octupolar doublet the x and z components of pseudo-spin
operator transform like the z component of a magnetic
dipole whereas the y component transforms like a com-
ponent of a magnetic octupolar tensor [38]. The fact that
the pseudo-spin ground state of Nd3+ with J = 9/2 can
behave like dipolar-octupolar doublet makes Nd2Hf2O7
an interesting system for further investigations.
II. EXPERIMENTAL DETAILS
A polycrystalline sample of Nd2Hf2O7 was synthesized
by solid state reaction method using Nd2O3 (99.99%) and
HfO2 (99.95%) from Alfa Aesar. A stoichiomteric mix-
ture of finely ground Nd2O3 and HfO2 was first fired at
1300 ◦C for 50 h, with two more succesive grindings and
firings at 1400 ◦C and 1500 ◦C, each for 50 h. The finely
ground mixture was then pressed into a pellet and fired
at 1550 ◦C for 80 h. We also synthesized the nonmagnetic
reference compound La2Hf2O7 using La2O3 (99.999%,
Alfa Aesar) and HfO2 with similar grinding and firing se-
FIG. 1. (Color online) (a) An illustration of corner-sharing
tetrahedra formed by Nd atoms for the face centered cubic
(space group Fd3¯m) pyrochlore structure of Nd2Hf2O7. (b)
Projection of atomic arrangements onto the ac plane.
quence however the last firing after pelletizing was done
at 1500 ◦C. An agate mortar and pestle was used for
grinding with a grinding of approximately half an hour
to achieve homogeneity, and a zirconium oxide crucible
was used for firing. The grinding and heat treatment of
the samples were done in air.
The crystal structure and the quality of the sam-
ples were checked by room temperature powder x-ray
diffraction (XRD, Brucker). A commercial supercon-
ducting quantum interference device (SQUID) magne-
tometer (MPMS, Quantum Design Inc.) was used for dc
magnetic measurements at Mag Lab, Helmholtz-Zentrum
Berlin (HZB). The ac susceptibility was collected at tem-
peratures down to 200 mK using an adiabatic demagne-
tization cooler where the sample is located in the center
of mutual inductance. The ac susceptibility was mea-
sured using a LR700 mutual inductance bridge. As a
magnetocaloric active substance for the sub-K temper-
ature range, an Fe3+ salt was used. The demagnetiza-
tion stage was precooled in a physical property mea-
surement system (PPMS, Quantum Design Inc.) at
Helmholtz-Zentrum Dresden-Rossendorf. Heat capac-
ity was also measured using PPMS by means of the
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FIG. 2. (Color online) Powder x-ray diffraction pattern of
Nd2Hf2O7 recorded at room temperature. The solid line
through the experimental points is the Rietveld refinement
profile calculated for the Eu2Zr2O7-type face centered cubic
(space group Fd3¯m) pyrochlore structure. The short vertical
bars mark the Bragg-peak positions. The lowermost curve
represents the difference between the experimental and calcu-
lated intensities.
adiabatic-relaxation technique down to 2 K at Mag Lab,
HZB.
The neutron diffraction measurements were carried out
using the D20 powder neutron diffractometer at the In-
stitute Laue Langevin, Grenoble, France. A thin-walled
copper can (diameter 10 mm) was used to mount the
powdered sample. Low temperatures down to 0.1 K were
achieved by cooling the sample in a dilution fridge. High
intensity ND data were collected at few selected tempera-
tures between 0.1 K and 0.6 K. Incident neutron beam of
wavelength λ = 2.41 A˚ was used for these measurements
and counted for 4 hours at each of the temperatures. The
XRD and ND data were refined using the package Full-
Prof suite [39].
III. CRYSTALLOGRAPHY
Figure 2 shows the Rietveld refinement of powder
XRD pattern of Nd2Hf2O7 collected at room tempera-
ture. The refinement confirms the Eu2Zr2O7-type face-
centered cubic (space group Fd3¯m) pyrochlore structure
of Nd2Hf2O7. All the observed peaks are indexed, thus
revealing the single phase nature of the sample. The
crystallographic parameters obtained from the structural
refinement of the room temperature XRD are listed in
Table I along with those obtained from the refinement of
the neutron diffraction data recorded at 0.6 K. The pa-
rameters a and xO1 agree well with the literature values
[33, 34]. Because of the limitations of laboratory based x-
ray measurements it is not possible to obtain any reliable
TABLE I. Refined crystallographic parameters and agreement
factors obtained from the structural Rietveld refinement of
room temperature (RT) powder XRD data and 0.6 K neu-
tron powder diffraction data for Nd2Hf2O7. The Wyckoff
positions of Nd, Hf, O1 and O2 atoms in space group Fd3¯m
are 16d (1/2,1/2,1/2), 16c (0,0,0), 48f (xO1,1/8,1/8) and 8b
(3/8,3/8,3/8), respectively. The atomic coordinate xO1 is
listed below.
XRD (RT) ND (0.6 K)
Lattice parameters
a (A˚) 10.6389(1) 10.573(1)
Vcell (A˚
3) 1204.19(1) 1182.0(2)
Atomic coordinate
xO1 0.3317(9) 0.3340(5)
Refinement quality
χ2 2.86 1.98
Rp (%) 3.69 5.97
Rwp (%) 5.27 10.70
RBragg (%) 5.19 6.48
information about the oxygen vacancy or Nd-Hf site mix-
ing. Our neutron data which were collected at low Q are
also of not much help in resolving these issues because of
the small number of nuclear Bragg peaks detected and al-
most equal scattering lengths for Nd (0.7690×10−12 cm)
and Hf (0.7770× 10−12 cm).
The pyrochlore structure of Nd2Hf2O7 is shown in
Fig. 1. In this structure the Nd atoms form corner-
shared tetrahedra, as shown in Fig. 1(a), the cen-
ter of each tetrahedron is occupied by an O atom.
The atomic arrangements viewed along the crystallo-
graphic b direction (projected in ac plane) are shown in
Fig. 1(b). The Nd3+ occupy 16d (1/2,1/2,1/2) sites and
the Hf4+ occupy 16c (0,0,0) positions, whereas the O2−
occupy two sites: O1 in 48f (xO1,1/8,1/8) and O2 in
8b (3/8,3/8,3/8) positions, and the formula unit can be
viewed as Nd2Hf2O(1)6O(2). The atoms sitting at both
the 16d and 16c sites form (separately) three-dimensional
networks of corner-shared tetrahedra leading to two dis-
tinct pyrochlore sublattices [only the tetrahedra formed
by 16d site atoms (Nd here) are shown in Fig. 1(a)]. The
Nd atoms are eight-fold coordinated (by 6 O1 and 2 O2)
and the Hf atoms are six-fold cordinated (by 6 O1) [40].
The La2Hf2O7 also forms in the same face-centered
cubic pyrochlore structure with parameters a =
10.7731(1) A˚ and xO1 = 0.3308(9) in agreement with
the reported values [34]. The single phase nature of sam-
ple was inferred from the refinement of XRD data (not
shown).
IV. MAGNETIZATION AND MAGNETIC
SUSCEPTIBILITY
Zero-field-cooled dc χ(T ) data of Nd2Hf2O7 measured
in H = 0.01 T and 1.0 T are shown in Fig. 3. The
χ(T ) data do not show any anomaly and remain para-
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FIG. 3. (Color online) Zero-field-cooled magnetic suscepti-
bility χ of Nd2Hf2O7 as a function of temperature T for
2 K ≤ T ≤ 25 K measured in magnetic fields H = 0.01 T
and 1.0 T. Inset: Inverse magnetic susceptibility χ−1(T ) for
2 K ≤ T ≤ 30 K in H = 1.0 T. The solid red line is the fit of
the χ−1(T ) data by the Curie-Weiss law in 10 K ≤ T ≤ 30 K
and the dashed line is an extrapolation. All data pertain to
per mole of Nd2Hf2O7.
magnetic at T ≥ 2 K. The high temperature χ(T ) data
follow Curie-Weiss behavior, χ(T ) = C/(T − θp). The
linear fit of χ−1(T ) for the range 100 K ≤ T ≤ 300 K
gives the Curie constant C = 1.32(1) emuK/molNd and
Weiss temperature θp = −29.9(7) K. The C value gives
an effective moment µeff = 3.25µB/Nd according to the
relation C = NAµ
2
eff/3kB where NA is the Avogadro
number and kB is the Boltzmann constant. The ob-
tained µeff is little smaller than the theoretically expected
value of effective moment for 4I9/2 ground state of Nd
3+
ions (µeff = gJ
√
J(J + 1) = 3.62µB for gJ = 8/11 and
J = 9/2).
As estimated in the next section, the first excited crys-
tal field level is situated at about 230 K, therefore because
of the thermal population from CEF at T ≥ 100 K, the
above analysis of χ(T ) data does not give the correct
estimate of θp or µeff for the Ising ground state. There-
fore we fit the χ(T ) data at T below 30 K using the
modified Curie-Weiss behavior χ(T ) = χ0 + C/(T − θp)
where temperature independent term χ0 is added to ac-
count for the Van Vleck contribution. The fit of χ(T )
by this modified Curie-Weiss law is shown by solid line
in the inset of Fig. 3 plotted as the inverse of suscepti-
bility χ−1(T ). In order to avoid the effect of short-range
magnetic interactions at T < 10 K as evident from the
heat capacity data discussed in next section, we fit the
χ−1(T ) data in 10 K ≤ T ≤ 30 K which yields χ0 =
3.04(4)×10−3 emu/molNd, C = 0.752(2) emuK/molNd
and θp = +0.17(2) K. When the χ(T ) data are corrected
for demagnetization effects by roughly approximating
the sample to be spherical in shape we obtain χ0 =
3.04(4)×10−3 emu/molNd, C = 0.753(2) emuK/molNd
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FIG. 4. (Color online) Isothermal magnetization M (per Nd
ion) of Nd2Hf2O7 as a function of applied magnetic field H
for 0 ≤ H ≤ 5 T measured at the indicated temperatures.
The solid curves are the fits of M(H) data by Eq. (1) with
an effective longitudinal g-factor gzz = 5.01(3).
and θp = +0.24(2) K. Thus we see that θp is positive
which would imply a weak ferromagnetic coupling among
Nd spins. A positive θp was also found in the case of
Nd2Zr2O7 [36, 37]. The C value gives µeff ≈ 2.45µB/Nd
for the Ising ground state of Nd2Hf2O7.
The isothermal M(H) data of Nd2Hf2O7 at T = 2 K,
5 K and 10 K are shown in Fig. 4. At 2 K initially M
increases rapidly and is linear in H for H ≤ 0.5 T above
whichM(H) shows nonlinear behavior and tends towards
saturation with a magnetization value ofM ≈ 1.2µB/Nd
at 5 T which is much lower than the theoretical satura-
tion magnetizationMsat = gJJ µB = 3.27µB/Nd for free
Nd3+ ions (gJ = 8/11 and J = 9/2). The observed
M is only about 37% of the free ion theoretical satura-
tion value and reflects substantial single-ion anisotropy
as would one expect for a local 〈111〉 Ising anisotropic
system. With increasing T the linear regime ofM(H) ex-
tends over a large field range, although at a more gradual
rate.
As the first excited state is well separated (∼ 230 K)
from the ground state, the low temperature magnetic
properties of Kramers ground doublet of Nd3+ can be
described by an effective spin S = 1/2. For a Kramers
doublet of dipolar-octupolar type (Nd3+) the transverse
g-factor is found to be zero, i.e. g⊥ = 0. For an ef-
fective spin-half doublet ground state system with local
〈111〉 Ising anisotropy assuming g⊥ = 0 and g|| = gzz the
powder- and thermally-averaged magnetization is given
by [41]
〈M〉 = (kBT )
2
gzzµBH2S
∫ gzzµBHS/kBT
0
x tanh(x) dx (1)
where x = gzzµBHS/kBT . For a pure mJ = ±9/2 dou-
blet gzz = 2gJJ = 6.54. However, due to the mixing of
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FIG. 5. (Color online) The temperature T dependence of
real χ′ and imaginary χ′′ parts of ac magnetic susceptibility
χac of Nd2Hf2O7 measured in different dc magnetic fields at
16 Hz. Inset: An expanded view of χ′′(T ) in H = 0. All data
pertain to per mole of Nd2Hf2O7. Because of the uncertainty
in calculating the sample filling factor in the ac coil-set, the
conversion to units of ‘emu/mol’ for y-scale has accuracy of
about 10%.
the mJ states by the crystal field the effective g-factor
is different from 6.54 and can be determined by fitting
the M(H) data which is the only adjustible parameter
in Eq. (1). The fits of M(H) data at T = 2 K, 5 K and
10 K (solid curves in Fig. 4) yield gzz = 5.01(3). It is
seen from Fig. 4 that theM(H) data are reasonably well
described by Eq. (1). The gzz = 5.01(3) obtained this
way is lower than that of a pure mJ = ±9/2 doublet.
This reduction of gzz possibly suggests an admixture of
other mJ terms in the ground state [41]. For Nd2Zr2O7
gzz is found to be 4.793 [37] and 5.30(6) [36]. The ef-
fective gzz = 5.01(3) with an effective S = 1/2 suggests
an Ising moment of gzzS µB = 2.50µB/Nd. For a pow-
der sample the effective moment is related to g-factor as
µeff = (
√
3/2)g µB, where g
2 = (g2|| + 2g
2
⊥)/3, which for
g⊥ = 0 and g|| = 5.01(3) gives µeff = 2.50µB/Nd in
agreement with the above inferred value of 2.45µB/Nd
from the fit of χ(T ) data. Thus theM(H) and χ(T ) data
consistently follow the Ising behavior.
The real χ′ and imaginary χ′′ parts of ac magnetic
susceptibility χac of Nd2Hf2O7 measured in H ≤ 0.30 T
and 16 Hz are shown in Fig. 5 for low temperatures
T ≤ 1.5 K. In H = 0 the χ′(T ) data show a pronounced
peak at 0.55 K indicating a magnetic phase transition.
Further, with increasing field the peak position shifts to-
wards lower temperatures. This behavior is a character-
istic of an antiferromagnetic phase transition. A weak
anomaly with a similar H dependence is also observed in
imaginary part of ac susceptibility χ′′(T ). The χ′′(T ) is
much smaller in magnitude than the χ′(T ). Due to weak
signal at 16 Hz the signal-to-noise ratio for χ′′(T ) is very
poor and data appear quite noisy. As can be seen from
the inset of Fig. 5, despite the noisy data an anomaly near
0.55 K is also visible in the χ′′(T ) data in H = 0. Thus
the χac(T ) data indicate a long range antiferrromagnetic
ordering of Nd3+ at the Ne´el temperature TN = 0.55 K
as is confirmed by the neutron diffraction study discussed
below in Sec. VI. Further it is seen that the application
of field also causes a decrease in χ′ at T > TN likely due
to the effect of field on short range magnetic correlations
above TN.
V. HEAT CAPACITY
The Cp(T ) data of Nd2Hf2O7 and nonmagnetic ref-
erence compound La2Hf2O7 are shown in Fig. 6(a) for
1.8 K ≤ T ≤ 300 K. Consistent with the χ(T ) data,
the Cp(T ) data of Nd2Hf2O7 do not show any anomaly
at T ≥ 1.8 K. However, the low-T Cp(T ) at T ≤ 6 K
reveals an upturn as shown in the inset of Fig. 6(a).
This reflects the onset of short range magnetic cor-
relation well above the antiferromagnetic transtion at
TN = 0.55 K. The low-T Cp(T ) data (above 6 K) are
well described by Cp(T ) = γT + βT
3 + δT 5, with the
coefficient of electronic heat capacity γ = 0 which re-
flects an insulating ground state in Nd2Hf2O7. A fit to
the Cp/T versus T
2 plot by Cp/T = βT
2 + δT 4 over
9.5 K ≤ T ≤ 16 K as shown by the solid magneta line
in Fig. 6(b) gives β = 2.58(5) × 10−4 J/moleK4 and
δ = 1.38(3) × 10−6 J/moleK6. The Debye temperature
ΘD = 436(4) K is estimated from β using the relation
ΘD = (12pi
4nR/5β)1/3 where n = 11 is the number of
atoms per formula unit and R is the molar gas constant.
The Cp ≈ 230 J/molK at 300 K [Fig. 6(a)] is much
lower than the expected high-T limit Dulong-Petit value
CV = 3nR = 33R ≈ 274.4 J/molK which is con-
sistent with the high ΘD value. The ΘD in 227 py-
rochlore is found to be highly temperature dependent, for
Dy2Ti2O7 the low-T Cp(T ) yields a ΘD of 295 K whereas
the high-T Cp(T ) gives much higher ΘD = 722(8) K
[42]. A better estimate of ΘD can be obtained from
fitting the Cp(T ) data by a combination of the Debye
and Einstein models of lattice heat capacity. A fit of
Cp(T ) data of La2Hf2O7 by Debye+Einstein models in
1.8 K ≤ T ≤ 300 K gives ΘD = 792(5) K and Einstein
temperature ΘE = 163(2) K. The fit is shown by the solid
olive curve in Fig. 6(a) which is obtained with 66% weight
to Debye term and 34% to Einstein term. Further de-
tails about fitting heat capacity data by Debye+Einstein
models can be found in Ref. [42].
On the other hand for Nd2Hf2O7 we have an addi-
tional magnetic contribution due to crystal electric field.
The magnetic contribution to heat capacity Cmag(T ) for
Nd2Hf2O7 is shown in the inset of Fig. 6(b) which was
obtained by subtracting the lattice heat capacity (equiv-
alent to Cp(T ) of La2Hf2O7) from the heat capacity of
Nd2Hf2O7. A correction for the small formula mass dif-
ference of the two compounds was employed [43]. As can
be seen from the inset of Fig. 6(b), Cmag(T ) is noisy at
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FIG. 6. (Color online) (a) Heat capacity Cp of Nd2Hf2O7
and nonmagnetic reference La2Hf2O7 as a function of tem-
perature T for 1.8 K ≤ T ≤ 300 K measured in zero field.
The solid curves are the fits by Debye+Einstein models of
lattice heat capacity (plus crystal field contribution for the
case of Nd2Hf2O7). Inset: Expanded view of low-T Cp(T )
data over 1.8 K ≤ T ≤ 12 K for Nd2Hf2O7. (b) Cp/T versus
T 2 plot for Nd2Hf2O7 for T ≤ 17 K. The solid line is the fit
to Cp/T = βT
2 + δT 4 in 10 K ≤ T ≤ 16 K and the dashed
lines are extrapolations. Inset: Magnetic contribution to heat
capacity Cmag(T ) for Nd2Hf2O7. The solid curve represents
the crystal field contribution to heat capacity as discussed in
text.
high-T (due to the limitations in the sensitivity of our ex-
perimental setup), nevertheless the basic feature of the
data is quite evident. A broad Schottky type anomaly
(due to crystal electric field) centered around 120 K is
seen in Cmag(T ). We analyzed Cmag(T ) to extract the
CEF levels and found that Cmag(T ) is well represented
by a doublet ground state lying below a doublet excited
state at 229(6) K and a quasi-quartet (two closely situ-
ated doublets) at 460(9) K. The crystal field contribution
to heat capacity calculated according to this CEF level
scheme is shown by the solid red curve in the inset of
Fig. 6(b). A nice agreement is seen between Cmag(T )
and the CEF model fit. However, because of large noise
in high-T data the precise determination of the split-
ting energy for higher excited states is not possible. For
Nd2Zr2O7 a splitting energy of 250–270 K between the
ground state doublet and first excited doublet has been
found [35–37]. Similar to the present compound, two
closely situated doublets at 388 K and 400 K have also
been found from inelastic neutron scattering study on
Nd2Zr2O7 [35].
The fit of Cp(T ) data of Nd2Hf2O7 by
CEF+Debye+Einstein models in 1.8 K ≤ T ≤ 300 K
shown by the solid blue curve in Fig. 6(a) yields
ΘD = 785(6) K and Einstein temperature ΘE = 162(2) K
with 66% weight to Debye term and 34% to Einstein
term. The value of ΘD = 785(6) K obtained this way is
much higher than the ΘD = 436(4) K estimated above
from β.
VI. NEUTRON DIFFRACTION
The neutron diffraction data collected at 0.6 K are
shown in Fig. 7(a) together with the calculated pattern
for the nuclear structure of Nd2Hf2O7. The crystallo-
graphic parameters are listed in Table I and are consis-
tent with the parameters from room temperature XRD.
This also confirms that there is no structural transition
down to 0.6 K. At 0.1 K, weak and noticeable additional
intensities in the diffraction pattern confim the long range
magnetic ordering. A comparison of the ND data col-
lected at 0.6 K (> TN) and 0.1 K (< TN) is shown in the
inset of Fig. 7(a) for 2θ range 35◦–45◦. An enhancement
of the two nuclear peaks (2 2 0) and (3 1 1) can be seen
(marked with symbol #). This additional intensity cor-
responds to the most prominent magnetic peaks in the
ordered state. From the difference between the ND pat-
terns recorded at 0.1 K and 0.6 K [Fig. 7(b)] a multitude
of magnetic Bragg peaks can be clearly visible. The ap-
pearance of an additional magnetic Bragg peak (4 2 0) at
59.6◦ confirms the antiferromagnetic ordering. All mag-
netic Bragg peaks are well indexed by the propagation
wavevector k = (0, 0, 0). The propagation wavevector k
= (0, 0, 0) was also found to index the magnetic Bragg
peaks in Nd2Zr2O7 [35, 36].
In order to determine the magnetic structure compati-
ble with the space group symmetry we carried out repre-
sentational analysis using the program BASIREPS from
the FullProf package [39]. The symmetry analysis for
the propagation vector k = (0, 0, 0) and space group
Fd3¯m yielded four nonzero irreducible representations
(IRs) for the magnetic Nd(16d) site: 1 one-dimensional
(Γ13), 1 two-dimensional (Γ
2
6) and two three-dimensional
(Γ38, Γ
3
10) for the little group. The magnetic representa-
tion ΓmagNd is thus composed of four IRs as
ΓmagNd = 1Γ
1
3 + 1Γ
2
6 + 1Γ
3
8 + 2Γ
3
10. (2)
The IRs Γ13, Γ
2
6 and Γ
3
8 enters only once in magnetic de-
composition whereas Γ310 is repeated twice. The basis
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FIG. 7. (Color online) (a) Neutron diffraction (ND) pattern
of Nd2Hf2O7 recorded at 0.6 K. The solid line through the ex-
perimental points is the calculated pattern by considering the
Eu2Zr2O7-type face centered cubic (space group Fd3¯m) py-
rochlore nuclear structure. The short vertical bars mark the
Bragg peak positions of primary phase [upper row (olive)] and
sample holder Cu [lower row (orange)]. The lowermost curve
represents the difference between the experimental and calcu-
lated patterns. The two most intense peaks marked with stars
(⋆) belong to the sample holder. Inset: Expanded view of ND
pattern between 35◦–45◦ and comparison of ND patterns at
0.6 K and 0.1 K to highlight the presence of magnetic scat-
tering (marked with #). (b) Magnetic diffraction pattern at
0.1 K (after subtracting 0.6 K nuclear pattern) together with
the calculated magnetic refinement pattern. The region where
the sample holder contribution dominates is excluded. The
difference between the experimental and calculated intensities
is shown by the blue curve at the bottom. The Miller indices
(hkℓ) of the strongest magnetic Bragg peaks are indicated.
vectors (BVs) of these IRs are listed in Table II. While
the BVs vector of Γ26 consist of both real and imaginary
components, the BVs for Γ13, Γ
3
8 and Γ
3
10 have only real
components. As listed in Table II, Γ13 has one BV, Γ
2
6
has two, Γ38 has three and Γ
3
10 has six BVs.
Out of the above four IRs the best refinement of the
FIG. 8. (Color online) A two dimensional view of all-in/all-
out magnetic structure of Nd2Hf2O7 along with the three di-
mensional view of corner-shared ‘all-in’ and ‘all-out’ tetrahe-
dra. The arrows denote the odered Nd3+ moment directions,
pointing towards or away from the center of tetrahedra. The
two dimensional representation of crystal structure can be
seen in Fig. 1(b) and the three dimensional view of corner-
shared tetrahedra in Fig. 1(a).
magnetic diffraction pattern is obtained for Γ13 (with a
magnetic R factor of 10.1%) which corresponds to the
all-in/all-out spin configuration. For the refinement, the
scale factor was fixed to the value obtained from the nu-
clear structure refinement at 0.6 K. Only the coefficient
of one basis vector of Γ13 was the refinable parameter. The
refinement of the magnetic diffraction pattern at 0.1 K
with the all-in/all-out type model as shown in Fig. 7(b)
gives an ordered moment of m = 0.62(1)µB/Nd. The
all-in/all-out magnetic structure of Nd2Hf2O7 is illus-
trated in Fig. 8. The magnetic structure is comprised
of alternating ‘all-in’ and ‘all-out’ units of corner-shared
tetrahedra, where each tetrahedral unit consists of four
Nd3+ magnetic moments at the vertices of the tetrahe-
dra all pointing either towards the center (all-in) or away
from the center (all-out) of tetrahedra as illustrated in
the lower panel of Fig. 8.
8TABLE II. Nonzero irreducible representations (IRs) and associated basis vectors ψν for Nd(16d) site in space group Fd3¯m
with propagation vector k = (0, 0, 0) for Nd2Hf2O7 obtained from the representational analysis using the program BASIREPS.
The atoms of the nonprimitive basis are defined according to Nd1: (0.50, 0.50, 0.50); Nd2: (0.25, −0.25, 1.00); Nd3: (−0.25,
1.00, 0.25); Nd4: (1.00, 0.25, −0.25).
IRs ψν component Nd1 Nd2 Nd3 Nd4
Γ13 ψ1 Real (1 1 1) (−1−1 1) (−1 1−1) (1−1−1)
Γ26 ψ1 Real (1−0.5−0.5) (−1 0.5−0.5) (−1−0.5 0.5) (1 0.5 0.5)
Imaginary (0−0.87 0.87) (0 0.87 0.87) (0−0.87−0.87) (0 0.87−0.87)
ψ2 Real (−0.5 1−0.5) (0.5−1−0.5) (0.5 1 0.5) (−0.5−1 0.5)
Imaginary (0.87 0−0.87) (−0.87 0−0.87) (−0.87 0 0.87) (0.87 0 0.87)
Γ38 ψ1 Real (1−1 0) (−1 1 0) (1 1 0) (−1−1 0)
ψ2 Real (0 1−1) (0 1 1) (0−1−1) (0−1 1)
ψ3 Real (−1 0 1) (−1 0−1) (1 0 -1) (1 0 1)
Γ310 ψ1 Real (1 1 0) (−1−1 0) (1−1 0) (−1 1 0)
ψ2 Real (0 0 1) (0 0 1) (0 0 1) (0 0 1)
ψ3 Real (0 1 1) (0 1−1) (0−1 1) (0−1−1)
ψ4 Real (1 0 0) (1 0 0) (1 0 0) (1 0 0)
ψ5 Real (1 0 1) (1 0−1) (−1 0−1) (−1 0 1)
ψ6 Real (0 1 0) (0 1 0) (0 1 0) (0 1 0)
The T dependence of the ordered moment m obtained
from the refinement of ND patterns at different tempera-
tures is shown in Fig. 9. The m(T ) data above T = 0.4 K
are reasonably described by m = m0(1−T/TN)β . The fit
for 0.4 K ≤ T ≤ TN is shown by the solid curve in Fig. 9
which gives TN = 0.53(1) K and β = 0.34(5). The critical
exponent β is close to β ≈ 0.33 for a three-dimensional
Ising system [44]. We also notice that m(T ) at T ≤ 0.4 K
is almost independent of T with a value of ∼ 0.62µB/Nd
which is quite unusual. The origin of this unusual flat-
tening ofm(T ) is not clear and requires further investiga-
tion. Because of the anisotropic nature one would expect
a gapped magnon spectrum in this compound, however
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FIG. 9. (Color online) Temperature T dependence of the or-
dered momentm (per Nd ion) obtained from the refinement of
neutron powder diffraction data at various temperatures. The
solid curve represents the fit according tom = m0(1−T/TN)
β
for TN = 0.53(1) K and β = 0.34(5) in 0.4 K ≤ T ≤ TN.
a small energy gap will not be sufficient to explain the
observed T dependence of m(T ) at T ≤ 0.4 K.
For an effective S = 1/2 with effective gzz =
5.01(3) one would expect an ordered moment of gzzS =
2.50µB/Nd. However, the obtained ordered moment
0.62(1)µB/Nd at 0.1 K is much smaller than this value.
The strongly reduced value of ordered moment reflects
the presence of strong quantum fluctuations persisting
deep into the ordered state down to 0.1 K. In a py-
rochlore material with local 〈111〉 Ising anisotropy the
magnetic ground state strongly depends on the relative
strength of the dipolar and magnetic exchange interac-
tions [7, 8]. Spin ice behavior is observed when the ferro-
magnetic dipolar interaction dominates over the antifer-
romagnetic exchange. On the other hand a dominating
antiferromagnetic exchange stabilizes all-in/all-out long
range magnetic order. We estimate the nearest neigh-
bor dipole-dipole interaction Dnn using our effective mo-
ment µeff = 2.45µB/Nd and unit cell lattice parameter
a = 10.6389(1) A˚ as [7, 8]
Dnn =
5
3
(µ0
4pi
) µ2eff
r3nn
≈ 0.12 K (3)
where µ0 is the magnetic permeability of vacuum and
rnn = (a/4)
√
2 is the nearest neighbor distance. Fol-
lowing Siddharthan et al. [6] a rough estimate of nearest
neighbor exchange interaction between the 〈111〉 Ising
moments Jnn can be made by fitting the χ(T ) data with
a high-temperature series expansion up to order (1/T 2),
i.e. by χ(T ) = (C1/T )[1 + C2/T ] where C2 can be
decomposed as a sum of exchange and dipolar inter-
actions, C2 = (6S
2/4)[2.18Dnn + 2.67Jnn]. The fit of
χ(T ) data with this expression in 10 K ≤ T ≤ 30 K
gives C2 = −0.67(5) K. Thus using the above estimated
Dnn ≈ 0.12 K, from C2 we obtain Jnn ≈ −0.77 K.
Though this estimate of Jnn is not very accurate, it
clearly shows that the antiferromagnetic Jnn dominates
9over the dipolar Dnn, eventually leading to a long range
ordered ground state in Nd2Hf2O7 with an all-in/all-out
magnetic structure. A better estimation of Jnn is desired
to check if the ratio Jnn/Dnn complies with the phase di-
agram of Ising pyrochlore magnets which predicts a long
range antiferromagnetic ordering for Jnn/Dnn < −0.91
[7]. We would also like to point out that because of the
octupolar tensor component for Nd3+ [38], the estimate
of Dnn using Eq. (3), which only accounts for the dipolar
component, may also not be very precise.
VII. SUMMARY AND CONCLUSIONS
The physical properties of a pyrochlore hafnate
Nd2Hf2O7 have been investigated by χac(T ), χ(T ),
M(H) and Cp(T ) measurements. Evidence of an antifer-
romagnetic transition below TN = 0.55 K is seen from the
T dependence of χac measured down to 0.2 K. The anal-
ysis of M(H) data indicate a local 〈111〉 Ising anisotrpic
behavior with an effective longitudinal g-factor of 5.01(3)
for the pseudo spin-half Kramers doublet ground state of
Nd3+. The low-T χ(T ) reveals an effective moment of
2.45µB/Nd for the Ising ground state and a positive θp
reflecting ferromagnetic coupling between the Nd spins,
though the compound orders antiferromagnetically. The
Cp(T ) data show the presence of short range correlations
well above the antiferromagnetic ordering. The crystal
field analysis of Cmag(T ) suggests the splitting energy
between the ground state doublet and first excited state
doublet to be about 230 K.
Magnetic structure determination by neutron powder
diffraction confirmed the long range antiferromagnetic
ordering with a magnetic propagation wavevector k =
(0, 0, 0). The Nd3+ moments are found to adopt an all-
in/all-out structure with the four magnetic moments at
the vertices of the tetrahedra pointing alternatively ei-
ther all-into or all-out-of the centers of the neighboring
tetrahedra. The ordered state magnetic moment of Nd3+
m = 0.62(1)µB/Nd at 0.1 K is highly reduced compared
to the expected Ising moment value of 2.50µB/Nd with
an effective spin S = 1/2 and gzz = 5.01(3) Kramers dou-
blet ground state, reflecting the presence of strong quan-
tum fluctuations. The unusual reduction of ordered mo-
ment and presence of strong quantum fluctations could
be due to the dipolar-octupolar nature of Kramers dou-
blet ground state of Nd3+ [38], which however remains
to be confirmed by further theoretical and experimental
works.
ACKNOWLEDGMENTS
We acknowledge Helmholtz Gemeinschaft for funding
via the Helmholtz Virtual Institute (Project No. VH-VI-
521).
[1] J. S. Gardner, M. J. P. Gingras, and J. E. Greedan, Mag-
netic pyrochlore oxides, Rev. Mod. Phys. 82, 53 (2010).
[2] C. Castelnovo, R. Moessner, and S. L. Sondhi, Spin ice,
fractionalization, and topological order, Annu. Rev. Con-
dens. Matter Phys. 3, 35 (2012).
[3] M J P Gingras and P A McClarty, Quantum spin ice:
a search for gapless quantum spin liquids in pyrochlore
magnets, Rep. Prog. Phys. 77, 056501 (2014).
[4] M. J. Harris, S. T. Bramwell, D. F. McMorrow, T. Zeiske,
K. W. Godfrey, Geometrical frustration in the ferromag-
netic pyrochlore Ho2Ti2O7, Phys. Rev. Lett. 79, 2554
(1997).
[5] A. P. Ramirez, A. Hayashi, R. J. Cava, R. B. Sid-
dharthan, and S. Shastry, Zero-point entropy in ‘spin
ice’, Nature 399, 333 (1999).
[6] R. Siddharthan, B. S. Shastry, A. P. Ramirez, A.
Hayashi, R. J. Cava, and S. Rosenkranz, Ising pyrochlore
magnets: Low-temperature properties, “ice rules,” and
beyond, Phys. Rev. Lett. 83, 1854 (1999).
[7] B. C. Den Hertog and M. J. P. Gingras, Dipolar interac-
tions and origin of spin ice in ising pyrochlore magnets,
Phys. Rev. Lett. 84, 3430 (2000).
[8] S. T. Bramwell and M. J. P. Gingras, Spin ice state in
frustrated magnetic pyrochlore materials, Science 294,
1495 (2001).
[9] C. Castelnovo, R. Moessner, and S. L. Sondhi, Magnetic
monopoles in spin ice, Nature 451, 42 (2008).
[10] D. J. P. Morris, D. A. Tennant, S. A. Grigera, B. Klemke,
C. Castelnovo, R. Moessner, C. Czternasty, M. Meiss-
ner, K. C. Rule, J. Hoffmann, K. Kiefer, S. Gerischer, D.
Slobinsky, and R. S. Perry, Dirac strings and magnetic
monopoles in the spin ice Dy2Ti2O7, Science 326, 411
(2009).
[11] L. D. C. Jaubert and P. C. W. Holdsworth, Signature
of magnetic monopole and Dirac string dynamics in spin
ice, Nature Phys. 5, 258 (2009).
[12] S. T. Bramwell, S. R. Giblin, S. Calder, R. Aldus, D.
Prabhakaran, and T. Fennell, Measurement of the charge
and current of magnetic monopoles in spin ice, Nature
461, 956 (2009).
[13] T. Fennell, P. P. Deen, A. R. Wildes, K. Schmalzl, D.
Prabhakaran, A. T. Boothroyd, R. J. Aldus, D. F. Mc-
Morrow, and S. T. Bramwell, Magnetic coulomb phase in
the spin ice Ho2Ti2O7, Science 326, 415 (2009).
[14] J. S. Gardner, S. R. Dunsiger, B. D. Gaulin, M. J. P.
Gingras, J. E. Greedan, R. F. Kiefl, M. D. Lumsden, W.
A. MacFarlane, N. P. Raju, J. E. Sonier, I. Swainson,
and Z. Tun, Cooperative paramagnetism in the geomet-
rically frustrated pyrochlore antiferromagnet Tb2Ti2O7
Phys. Rev. Lett. 82, 1012 (1999).
[15] J. S. Gardner, B. D. Gaulin, A. J. Berlinsky, P. Wal-
dron, S. R. unsiger, N. P. Raju, and J. E. Greedan, Neu-
tron scattering studies of the cooperative paramagnet py-
rochlore Tb2Ti2O7, Phys. Rev. B 64, 224416 (2001).
[16] H. R. Molavian, M. J. P. Gingras, and B. Canals, Dy-
namically induced frustration as a route to a quantum
spin ice state in Tb2Ti2O7 via virtual crystal field exci-
tations and quantum many-body effects Phys. Rev. Lett.
10
98, 157204 (2007).
[17] K. A. Ross, L. Savary, B. D. Gaulin, and L. Balents,
Quantum Excitations in Quantum Spin Ice, Phys. Rev.
X 1, 021002 (2011).
[18] L.-J. Chang, S. Onoda, Y. Su, Y.-J. Kao, K.-D. Tsuei,
Y. Yasui, K. Kakurai, and M. R. Lees, Higgs transi-
tion from a magnetic Coulomb liquid to a ferromagnet
in Yb2Ti2O7, Nat. Comm. 3, 992 (2012).
[19] N. P. Raju, M. Dion, M. J. P. Gingras, T. E. Mason, and
J. E. Greedan, Transition to long-range magnetic order
in the highly frustrated insulating pyrochlore antiferro-
magnet Gd2Ti2O7, Phys. Rev. B 59, 14489 (1999).
[20] A. P. Ramirez, B. S. Shastry, A. Hayashi, J. J. Krajewski,
D. A. Huse, and R. J. Cava, Multiple Field-Induced Phase
Transitions in the Geometrically Frustrated Dipolar Mag-
net: Gd2Ti2O7, Phys. Rev. Lett. 89, 067202 (2002).
[21] J. R. Stewart, G. Ehlers, A. S. Wills, S. T. Bramwell,
and J. S. Gardner, Phase transitions, partial disorder and
multi-k structures in Gd2Ti2O7, J. Phys.: Condens. Mat-
ter 16, L321 (2004).
[22] O. A. Petrenko, M. R. Lees, G. Balakrishnan and D. M.
Paul, Magnetic phase diagram of the antiferromagnetic
pyrochlore Gd2Ti2O7, Phys. Rev. B 70, 012402 (2004).
[23] P. D. de Re´otier, A. Yaouanc, Y. Chapuis, S. H. Curnoe,
B. Grenier, E. Ressouche, C. Marin, J. Lago, C. Baines,
and S. R. Giblin, Magnetic order, magnetic correla-
tions, and spin dynamics in the pyrochlore antiferromag-
net Er2Ti2O7, Phys. Rev. B 86, 104424 (2012).
[24] M. E. Zhitomirsky, M. V. Gvozdikova, P. C. W.
Holdsworth, and R. Moessner, Quantum Order by Disor-
der and Accidental Soft Mode in Er2Ti2O7, Phys. Rev.
Lett. 109, 077204 (2012).
[25] K. A. Ross, Y. Qiu, J. R. D. Copley, H. A. Dabkowska,
and B. D. Gaulin, Order by Disorder Spin Wave Gap in
the XY Pyrochlore Magnet Er2Ti2O7, Phys. Rev. Lett.
112, 057201 (2014).
[26] W. Witczak-Krempa, G. Chen, Y.-B. Kim, and L. Ba-
lents, Correlated Quantum Phenomena in the Strong
Spin-Orbit Regime, Annu. Rev. Condens. Matter Phys.
5, 57 (2014).
[27] S. Zhao, J. M. Mackie, D. E. MacLaughlin, O. O. Bernal,
J. J. Ishikawa, Y. Ohta, and S. Nakatsuji, Magnetic tran-
sition, long-range order, and moment fluctuations in the
pyrochlore iridate Eu2Ir2O7, Phys. Rev. B 83, 180402(R)
(2011).
[28] H. Sagayama, D. Uematsu, T. Arima, K. Sugimoto, J. J.
Ishikawa, E. O’Farrell, and S. Nakatsuji, Determination
of long-range all-in-all-out ordering of Ir4+ moments in a
pyrochlore iridate Eu2Ir2O7 by resonant x-ray diffraction,
Phys. Rev. B 87, 100403(R) (2013).
[29] K. Tomiyasu, K. Matsuhira, K. Iwasa, M. Watahiki, S.
Takagi, M.Wakeshima, Y. Hinatsu, M. Yokoyama, K.
Ohoyama, and K. Yamada, Emergence of Magnetic Long-
range Order in Frustrated Pyrochlore Nd2Ir2O7 with
Metal-Insulator Transition, J. Phys. Soc. Jpn. 81, 034709
(2012).
[30] H. Guo, K. Matsuhira, I. Kawasaki, M.Wakeshima, Y.
Hinatsu, I. Watanabe, and Z. A. Xu, Magnetic order in
the pyrochlore iridate Nd2Ir2O7 probed by muon spin re-
laxation, Phys. Rev. B 88, 060411(R) (2013).
[31] F. Wei, H. Tu and J. Du, Twin-free (1 1 1)-oriented epi-
taxial Nd2Hf2O7 thin films on Ge(1 1 1) for high-k di-
electrics, J. Phys. D: Appl. Phys. 185301 42, 185301
(2009).
[32] J. Chun, P. G. Reuvekamp, D. Chen, C. Lin and R.
K. Kremer, Promising high-k dielectric permittivity of
pyrochlore-type crystals of Nd2Hf2O7, J. Mater. Chem.
C 3, 491 (2015).
[33] R. Ubic, I. Abrahams, and Y. Hu, Oxide ion disorder in
Nd2Hf2O7, J. Am. Ceram. Soc. 91, 235 (2008).
[34] C. Karthik, T. J. Anderson, D. Gout, and R. Ubic,
Transmission electron microscopic study of pyrochlore to
defect-fluorite transition in rare-earth pyrohafnates, J.
Solid State Chem. 194, 168 (2012).
[35] E. Lhotel, S. Petit, S. Guitteny, O. Florea, M. Ciomaga
Hatnean, C. Colin, E. Ressouche, M. R. Lees, and G.
Balakrishnan, Fluctuations and all-in–all-out ordering in
dipole-octupole Nd2Zr2O7, arXiv:1507.01801v1.
[36] J. Xu, V. K. Anand, A. K. Bera, M. Frontzek, D. L.
Abernathy, J. L. Niedziela, N. Casati, K. Siemensmeyer,
and B. Lake, Investigations of the magnetic structure
and crystal field states of pyrochlore antiferromagnet
Nd2Zr2O7 (communicated).
[37] M. Ciomaga Hatnean, M. R. Lees, O. A. Petrenko, D. S.
Keeble, G. Balakrishnan, M. J. Gutmann, V. V. Klekovk-
ina and B. Z. Malkin, Structural and magnetic inves-
tigations of single-crystalline neodymium zirconate py-
rochlore Nd2Zr2O7, Phys. Rev. B 91, 174416 (2015).
[38] Y.-P. Huang, G. Chen and M. Hermele, Quantum spin
ices and topological phases from dipolar-octupolar dou-
blets on the pyrochlore lattice, Phys. Rev. Lett. 112,
167203 (2014).
[39] J. Rodr´ıguez-Carvajal, Recent advances in magnetic
structure determination by neutron powder diffraction,
Physica B 192, 55 (1993); Program Fullprof, LLB-JRC,
Laboratoire Le´on Brillouin, CEA-Saclay, France, 1996
(www.ill.eu/sites/fullprof/).
[40] M. A. Subramanian, G. Aravamudan, and G. V. Subba
Rao, Oxide pyrochlores: A review, Prog. Solid St. Chem.
15, 55 (1983).
[41] S. T. Bramwell, M. N. Field, M. J. Harris, and I. P.
Parkin, Bulk magnetization of the heavy rare earth ti-
tanate pyrochlores — a series of model frustrated mag-
nets, J. Phys.: Condens. Matter 12, 483 (2000).
[42] V. K. Anand, D. A. Tennant, and B. Lake, Investigations
of the effect of nonmagnetic Ca substitution for magnetic
Dy on spin-freezing in Dy2Ti2O7, J. Phys.: Condens.
Matter 27, 436001 (2015).
[43] V. K. Anand and D. C. Johnston, Antiferromagnetism in
EuCu2As2 and EuCu1.82Sb2 single crystals, Phys. Rev. B
91, 184403 (2015).
[44] S. Blundell, Magnetism in Condensed Matter (Oxford
University Press, New York, 2001).
